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tion of excited states and of the restoration of avor symmetry are analyzed.
At the onset of the asymptotic regime, our analysis nds an important role
of quark Fermi motion within the diractively produced vector mesons. We
deduce an unitarity limit for the cross sections of hard processes and for




Diractive production of hadron states in deep inelastic lepton-nucleon scattering is
a new kind of hard process calculable in QCD. It provides unique possibilities to study
the properties of vacuum exchange in QCD, and the interplay between soft (nonperturba-
tive) and hard (perturbative) contributions to the Pomeron exchange. One of the aimes
of such research is to obtain a three dimensional image of a hadron as compared to the
one dimensional images extracted from usual deep inelastic scattering o hadrons and
nuclei. Experimentally, such studies got a big boost recently with the new data from












approximation QCD predictions for the diractive production of
vector mesons built of light avors in deep inelastic scattering. Diractive photo- and elec-
troproduction of J=	 mesons has been calculated by M.Ryskin [2] within the constituent






approximation. On the experimental side, rst HERA results on -




[3] and on photoproduction of J=	 mesons [4,5] have
conrmed the fast increase of the cross section with energy predicted by pQCD.
In this paper, we extend the QCD analysis of Ref. [1] in several directions. Within








approximation, we evaluate the cross section for
hard diractive electroproduction of vector mesons through the gluon distribution cal-






approximation, and not by means of its asymptotics











as in Ref. [1]. Besides, we nd a small additional
contribution due to hard diractive production of vector mesons o the nucleon's quark
sea.


















sizes are comparatively close, while at larger Q
2
the rate of decrease of this average size










, the eective transverse size of the qq component is





and that in the diractive electropro-
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We show that the QCD prediction for the Q
2
dependence of the -meson production









as a result of the increase of the parton distributions due to
Q
2
evolution [6]. We nd also a further slowing down of the Q
2
dependence due to the
transverse quark motion in the vector mesons. Account of both eects resolves, to a large
extent, seeming contradictions of predictions of Ref. [1] with the Q
2
dependence of the
cross section of the ZEUS data [3]. Thus investigation of the Q
2
dependence of the cross
section of electroproduction of vector mesons may turn out to be an eective method to
probe the three dimensional distribution of color in hadrons.
We analyze the energy and Q
2
dependence of the restoration of SU(3) avor symmetry
in the electroproduction of vector mesons built of dierent avors. We nd that the ratio
of the yields of - and -meson production should increase with Q
2
, and that account of
quark Fermi motion within the charmonium model approximation to the light-cone wave
function of J=	-mesons leads to a signicant additional suppression (by a factor  510)
of diractive photo- and electroproduction of charmonium mesons at moderate Q
2
, and
to a slowing down of the onset of the asymptotic regime. We present also estimates for
the yields of excited vector meson states in diractive processes, 
L
+ p ! V
0
+ p. The
interesting new eect, specic for QCD, is that the relative yield of excited states should






At the end of the paper, we explain that the fast increase of the cross section with
decreasing x should slow down at very small x due to the S-matrix unitarity constraint. We
discuss consequences of the unitarity constraint and present model estimates for nuclear
shadowing of the gluon distribution and of the diractive vector meson electroproduction
in interactions with heavy nuclei. This eect should be signicant in the kinematics which










PREDICTIONS FOR THE DIFFRACTIVE VECTOR
MESON PRODUCTION IN DIS
It was demonstrated in Ref. [1] that a new kind of hard process, the coherent electro-
production of vector mesons o a target T,


+ T ! V + T ; (1)

















Here, V denotes any vector meson (; !; ; J=	) or its excited states. For comparison
with previous works and appropriate references see Ref. [1].








, exceeds the diameter of the target, 2r
T
, the virtual photon transforms
into a hadron component well before reaching the target and the nal vector meson V
is formed well past the target. The hadronic conguration of the nal state is then the
result of a coherent superposition of all those hadronic uctuations jni in the photon wave








 1 : (2)
Here, t
min






























Thus, as in the more familiar leading twist deep inelastic processes, the calculation
should take into account all possible diractively produced intermediate hadronic states
satisfying Eq. (2). The use of completeness allows us to express the result in terms of
quark and gluon distributions, as in the case of other hard processes. The matrix element
of electroproduction of a vector meson can thus be written as a convolution of the light-




, the scattering amplitude for the hadron state
jni, A(nT ), and the wave function of the vector meson,  
V
:











In the case of a longitudinally polarized photon with sucently large Q
2
, the intermediate
state jni is a qq pair. It can be demonstrated directly that the contribution of higher







of this result is similar to the conventional analysis of hard processes in QCD, and we
omit this rather trivial discussion. The situation is qualitatively dierent, however, for a




one of the partons carries a small fraction of the photon momentum. In this case, soft
and hard physics compete in a wide range of Q
2
and x.




















are neglected, the nal result [1] for the cross section for the production
of longitudinally polarized vector meson states, when the momentum transferred to the





























































































in Eq. (5) originates from the square of the cross
section for the high-energy interaction of a small-size qq conguration with any target.
It can be unambiguously calculated in QCD for low x processes by applying the QCD








































In Ref. [1], a factor 4 was missed in the numerator of Eq. (5). We are indepted to Z. Chan for
pointing this out. A. Mueller (private communication).
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the gluon distribution in the target T , and   15 according to our estimate in the next
section. In this equation, the Q
2
evolution and small x physics are properly taken into
account through the gluon distribution.









approximation. Derivation of the respective formulae is relatively simple for
the hard diractive processes initiated by longitudinally polarized photons because lon-
gitudinally polarized photons produce quarks in a PLC (point-like conguration) only,
i.e., the integral over transverse momenta of the quarks produced by the photon does not
lead to terms proportional to lnQ
2
in the calculation of the box diagrams. As a result,
the factorization/decoupling theorem of QCD can be applied to factorize the hard part









tion we need to accurately evaluate the hard blobe and to convolute it with the parton
distributions. The hard blobe is described by the Feynman diagrams in Fig.1a, where
gluons are attached to the quark box diagram, and Fig. 1b, where in the hard blobe one
quark/antiquark line is substituted by a gluon line.
Direct calculation of the sum of Feynman diagrams for the 

! V transition where
only two gluons couple to the hard blobe { although all interactions of these two gluons
with the target are included { leads to seemingly the same formulae as in Ref. [1]. In the
















approximation. Now we account for the contribution from exchanges
















approximation by the full gluon









result is really a consequence of gauge invariance, which ensures that the gluon eld of
a fast hadron can be described as a collection of gluons with physical polarizations only,
i.e., the Weizecker-Williams type approximation. For detailed discussion see Ref. [9].










should also calculate the diagram in Fig.1b, in which the hard quark box is replaced by
a box diagram where one quark line is substituted by a gluon line. This contribution can
be expressed through the distribution of sea quark in a nucleon which are, at the same
time, valence quarks of the produced vector meson.
It follows from the factorization/decoupling theorem in QCD that the imaginary part


































































are the imaginary parts of the amplitudes { averaged over




gluon and a quark, respectively. These cross sections can be calculated in pQCD through
the minimal Fock space qq component of the light-cone wave function of the vector meson.
As in Eq. (5), the real part of this amplitude can be easily evaluated using the dispersion
representation of the amplitude over the invariant energy of the collision.
In principle, the functions
^
G and q^ are nondiagonal gluon and sea quark distributions
in the target T .
P
i
is the sum over avors i which are also valence quarks of the meson V .
It will be explained in the next section that the usual parton distributions in the target T
are a reasonable approximation to these nondiagonal densities. For a better understanding
of the denition of the nondiagonal parton densities, this formula should be compared to






















































approximation, and the Q
2
evolution is contained in the Q
2
dependence of the parton distributions in the target T .




shows that for diractive vector





















is the invariant mass of the qq pair, and z and k
t
dene the light-cone momentum carried
by the quark/antiquark in the wave function of the 

L
. The second term in Eq. (10)






. This is because the wave function of the vector mesons comparatively
fastly decreases with k
2
t
up to the onset of the pQCD regime. This explains why it is a
reasonable approximation in Eq. (8) but not in Eq. (9) to pull the parton densities at







































































These hard cross sections can be easily calculated in QCD through the miminal Fock
























































(z) dz : (14)



























































































)] which is the dis-
tribution of sea quarks in the nucleon which are at the same time valence quarks of the
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) accounts for preasymptotic eects, i.e., T (Q
2
!1) = 1.
See the discussion in section IV. Obviously, the gluon distribution is signicantly larger
at small x than the sea quark distributions. Thus the major practical dierence be-
































) should be interpreted as the conventional parton distribution. Note, also,




) in the above equation and the nonzero contribution of
transversely polarized gluons shows that, in principle, hard dractive processes could be
used to measure the polarization of sea quarks and gluons in a polarized nucleon.
III. JUSTIFICATION OF THE PQCD APPROACH FOR DIFFRACTIVE
VECTOR MESON ELECTROPRODUCTION IN DIS
The formal derivation of the QCD expression for the cross sections of hard diractive
processes in terms of parton distributions in the target consists of several steps. The rst
step is to demonstrate that at small x it is legitimate to use completeness over hadronic
states to express the amplitude in terms of hard interactions of quarks and gluons. We
discussed this in the previous subsection. The second step is to prove that the process
is really hard and that it is legitimate to apply the QCD factorization theorem. We will
discuss this below.
The third step is to prove that the nondiagonal parton distributions of the target can be
expressed through the diagonal { conventional { parton distributions. The rst observation













), is negligible. A
more important problem is that the dierence between the masses of the virtual photon
and the vector meson leads to a dierence between the light-cone fractions of the momenta
of the proton target in the initial (x
i
) and nal (x
f
) states. To elucidate this point, let
us consider diractive vector meson electroproduction in the center of mass of the 

+ p
system. Suppose the initial proton has momentum P . Kinematical considerations show










is x. For the hard part of the diractive amplitude, the dependence on fractions
of the proton momentum carried by the interacting partons in the initial and nal states
is calculable in pQCD. This simplication arises since in the kinematics of diractive
processes, which dominate in the considered diagrams, it is legitimate to neglect in the
propagators of the exchanged particles the contribution of the longitudinal part of their
momenta compared to the contribution of the transverse components. This can be easily



















approximation by direct evaluation of
the leading Feynman diagrams. For the soft nonperturbative QCD nondiagonal parton
distributions in a nucleon, neglect of the dierence between the fractions of the nucleon
momenta carried by the interacting partons in the initial (x
i
) and nal (x
f
) states seems to
be a reasonable numerical approximation as well. Really, the nonperturbative parton wave




. So the dierence
















with n ' 0:08. Such behavior has been suggested to explain the energy dependence
of soft hadronic processes. Thus we conclude that the discussed nondiagonal parton


















which is very close to One. This correction is suppressed in addition by the Q
2
evolu-






Thus we conclude that the parton wave functions of the initial and nal proton prac-
tically coincide both in soft and hard kinematics, and it is a reasonable numerical ap-
proximation to use the diagonal parton densities. Hence, we have proven that the tiny
momentum transfered to the target does not inuence the soft blobe, and we suggest a
constructive method to account for these corrections. This is specic to small x physics.
To better understand the applicability of pQCD for the process (1) it is convenient to
perform the Fourier transform of the amplitude into the impact parameter space of the
11

























Here, z denotes the fraction of the photon momentum carried by one of the quarks, b is
the transverse distance between the quark and antiquark within the photon, and K
0
is the
Hankel function of an imaginary argument. For simplicity, we ignore the contribution of





(b). This form accounts for the common wisdom of the z dependence of
the wave function of a vector meson, while the k
t










The parameter  is related to the average transverse momentum of a quark/antiquark








numerical analysis we vary =
p






i should be of the order of 400 500 MeV/c, which is somewhat larger than
the partons' average transverse momenta in hadrons. This is because from the whole set




emphasizes the component which has no soft gluon eld. An analysis of the energy
denominators relevant for the wave functions of vector mesons shows that, in order to













This condition is restrictive only for the minimal Fock space component. When the number
of constituents is large, the energy denominator is large more or less automatically.



























































In the derivation of this equation, to simplify the estimates, we pulled out parton distri-
butions in mean point of x. We perform the analysis in two steps. First we use Eq. (20)






to estimate an average b(Q) for this process,
see the dotted curve in Fig. 2. We then approximately identify G
N
(x; b)  G
N
(x; b(Q)),




















for x  10
 3
. For xed Q
2
, the transverse size b(Q) slowly decreases with decreasing x:
between x = 10
 3
and x = 10
 4
it drops by about 10%. The above reasoning accounts













eects, based on the intuitive idea
that the interaction is determined mostly by the spacial region occupied by color.
Then we use this value of b(Q) to calculate the average b(Q) for vector meson produc-





i = 300 and 600 MeV/c are presented also




is quite small, however its numerical value is rather


























are substantialy smaller than the typical distances between
the valence quarks in a meson, 2r
M
 1:2 fm. So color is suciently screened within the
wave function of the produced vector meson, and asymptotic freedom can be used to






In the case of a transversely polarized 

, the contribution of large b, where nonper-
















In the integrand of Eq. (17), the region z  1=Qb thus gives important contributions,
which are usually suppressed by Sudakov type form factors. On the other hand, the
increase of xG
T
(x; b) at small x works towards enhancing the contribution of small b in
this case as well. This is because the contribution of quark congurations with small b
increases faster with decreasing x than the contribution from soft QCD. At what x and Q
2
the pQCD regime will dominate for reactions initiated by a 

T
is an open question since the
contributions from soft QCD are not under control in this case. Since the formulae in this








approximation only, there is an uncertainty
in the theoretical formulae whether the gluon and sea quark distributions depend on Q
2
or say on Q
2
=2. A similar problem exists for calculations of the leading twist contribution









IV. ESTIMATES OF PREASYMPTOTIC EFFECTS
A. Vector mesons built of light quarks
The calculation discussed above is applicable at suently large Q
2
only. To analyze
the onset of the asymptotic regime, we consider here eects of Fermi motion of the quarks
within the produced vector meson. We do this by keeping the quarks' momenta in the
propagator of the virtual photon. This is because of the large numerical coecient which






). We will show that account of Fermi motion of the
quarks within the vector meson leads to a signicant suppression of the cross section at
moderately large Q
2
. Thus the formulae for the diractive electroproduction of vector






























































where m is the current quark mass.
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To estimate the role of Fermi motion eects, we made numerical estimates of the
Q
2































) as motivated by the observed transverse momentum distribution
of direct pions in hadroproduction (labeled "exp."), and vary  in the range corresponding





i  0:3 0:6 GeV/c. To check the sensitivity to the
























(labeled "reg."). The results
of these calculations are presented in Fig. 3. One can see that a very signicant suppression
of the vector meson yield may be present in the Q
2
range covered so far by the HERA
experiments, and that the high momentum tail due to hard interactions between the
constituents of the vector meson seems to be a rather small correction in the Q
2
range
where T is signicantly smaller than 1. We want to emphasize, however, that, on the other
hand, the dierence T   1 at large Q
2
is determined by the value of the high momentum
tail in the k
2
t
distribution of the bare quarks within the vector meson. In the mean eld
models of hadrons { like bag models, constituent quark models or models based on the
method of dispersion sum rules { this tail is included into the eective parameters, and
thus these models give no clues for the value of this component, or its k
t
and z dependence.
On the other hand, a study of vector meson production over a wide range of Q
2
would
allow to obtain unique information on the k
t
distribution in hadrons. Note, however, that
to achieve a nonambigous interpretation of quark Fermi motion eects, it is necessary to
calculate the contribution of the qqg component in the light-cone wave functions of the


and the vector meson to the cross section of hard diractive processes. This has not
been done so far.
B. Charmonium production
In the case of production of states built of heavy quarks by longitudinaly polarized pho-




in Eq. (23) and due to transverse quark Fermi motion.
To investigate the role of Fermi motion for a realistic case, we consider the nonrela-





in the wave function of
the photon, as they enter with a large coecient and because the integral over the char-
monium wave function slowly converges at large momenta. At the same time, we neglect







In this limit, 
V
= 2 and the corresponding factor T
V
































For numerical estimates we use two dierent realistic charmonium wave functions cal-






reasonably well. The results of these calculations are shown in Fig. 4 for
the diractive production of J=	 and 	
0
mesons, respectively.
In Ref. [2], it was assumed that pQCD could be applied to the diractive electropro-
duction of J=	 mesons starting from photoproduction. The observed increase of the J=	
photoproduction cross section with initial energy is in line with expectations of pQCD [2].
Moreover, the theoretical analysis of the transverse distances between the c quarks within
the J=	 meson shows that they are close to that dominant in the wave function of the 

in deep inelastic structure functions. Thus the necessary condition for the applicability of
pQCD is the same for all cases. Specic to the charmonium case is that these distances
are close to the average distances between the quarks within the J=	 meson. So, the dis-
cussed process should be very sensitive to the exact form of the light-cone wave function
of the J=	 meson and to its color eld.
It was assumed in Ref. [2] that the cross section of diractive J=	 electroproduction
can be calculated employing the nonrelativistic constituent quark model for the J=	-
meson's wave function, both for transverse and longitudinal photon polarizations, and










) our result coincides
16
with the result of Ref. [2] if we assume that R = 2. If Fermi motion is neglected, as
in Ref. [2], the predicted cross section is overestimated within the nonrelativistic quark










































which is presented in Fig. 5 for the charmonium wave functions employed previously.
One can see from Fig. 5 that the eects of Fermi motion strongly suppress the con-
tribution of the cross section, especially for Q
2
 0 where most of the experimental data
were obtained. Thus the results of the discussed model, which accounts for Fermi mo-
tion, are well below the photoproduction data.
2
Since the experimental J=	 production
cross section shows a fast increase with energy { characteristic for hard processes { our
estimates seem to indicate that the coupling of the two gluons to the J=	-meson is more
complicated than in the nonrelativistic description. In particular, the interaction of the
exchanged gluons with the interquark potential is not suppressed. Note, however, that in













is the transverse momentum of the exchanged gluon.
V. COMPARISON WITH THE NMC AND HERA DATA
A. Main features of the data
The HERA data [3], when combined with the NMC data [12] on diractive electro-
production of -mesons, are consistent with several predictions of Eq. (5):
2
Photoproduction cross sections are rather sensitive to the value of the constituent mass of the




=2. Though it is approximately
valid in some of the charmonium models, other models correspond to a larger m
c
= 1:8 GeV.
This leads to a further reduction ( 0:5) of the cross section for the diractive photoproduction
of J=	 mesons.
17
(i) a fast increase with energy of the cross section for electroproduction of vector






. Note that this fast increase
with decreasing x is not expected within the non{perturbative two{gluon exchange model
of Donnachie and Landsho [13], which predicts a cross section rising as  x
 0:16
at t = 0
and a much weaker increase of the cross section integrated over t due to a substantial


















is the slope of the elastic cross section for x = x
0
.







. Data do conrm the
dominance of 
L
, though they are not accurate enough to study details of the Q
2
depen-
dence. Predictions for the x-dependence of this ratio sensitively depend on the interplay
of perturbative and nonperturbative contributions to 
T
.








approximation, it is easy to generalize the QCD evolution
equation to transversely polarized photons as a projectile [6]. As in the case of the regular
structure functions, the appropriate question will be on the region of integration over
fractions of momenta appropriate to the hard blob. Since the hard kernel in the evolution
equation increases faster at small x than the soft contribution, one may expect an onset of
hard physics for transversely polarized photon projectiles as well, though at smaller x and
at higher Q
2
. Note that at suciently large Q
2
, the contribution of nonperturbative QCD
to diractive vector meson production is suppressed in addition by a Sudakov type form
factor. At suciently large Q
2
, the process should be discussed in terms of the Bethe-
Salpether wave function for the transition of a -meson into two highly virtual quarks.
Such a mathematical object exists in pQCD only. Presently, they are not included in
the dispersion sum rule approximation. Thus there exists a possibility to check quark
counting rules in their original form.

















determined by soft nonperturbative contributions. For these Q
2
, the ratio should increase







). At high Q
2





, the ratio would not depend on x.
(iii) the absolute magnitude of the cross section is reasonably explained, though un-




) are rather large to make a comparison quan-
titative. This will be discussed in detail in the next subsection.
(iii) theQ
2




with n = 4:20:8
[3]. This seems to reect the Q
2
evolution of the parton distributions as well as eects of
quark Fermi motion within the vector mesons, as will be outlined in subsection V.C.
B. Absolute magnitude of the cross section
Currently, absolute cross sections for exclusive -meson production are available from
NMC [12] and from ZEUS [3].




. In the case of NMC, the most relevant data
are those obtained using a deuteron target, as no data were taken with hydrogen. The
measurements do not separate the elastic deuteron nal state and deuteron break up. So,
to extract the cross section for -production o the nucleon from the deuteron data, we


















(t) is the deuteron's electromagnetic form factor. In the above, we neglected
shadowing, Glauber rescattering eects (which are suppressed due to color transparency
expected in this kinematics) and the real part of the elementary amplitude. F
D
(t) can be




























where B = 4:6  0:8 GeV
 2
[12] is the slope of the -production cross section o the





be calculated from the NMC's deuteron data. Using their determination of the virtual
19










= 2:0 0:3 at
hQ
2
i = 6 GeV
2











can be obtained from the ZEUS data
where R = 1:5 0:6 (statistical errors only) at hQ
2
i = 11 GeV
2
.
Results of such calculations are presented in Fig. 6. There, we also show theoretical
predictions of Eq. (15) employing several recent parametrizations of the gluon density [15]
and the range of parameters for the -meson wave functions considered in section IV.
We set 
V
= 2 and parametrize the dependence of the dierential cross section on the





dependence of vector meson production
Let us now analyze the predictions of Eq. (5) for the Q
2
dependence of the vector
meson yield. One may conclude from inspection of this equation that it leads to a 1=Q
6
dependence of the cross section. There are two QCD eects, however, which substan-
tially modify this naive expectation. At large Q
2
, where higher order corrections can be
neglected, Eq. (5) predicts a Q
2
dependence of the cross section which is substantially
slower than 1=Q
6
because the gluon densities fastly increase with Q
2
at small x. Numer-












) in Eq. (5) is / Q
n
with n  1. To illustrate this







































) using several current parametrizations of the gluon distribu-
tions in the nucleon [15] are presented in Fig. 7 for Q
2
=10, 20 and 40 GeV
2
as functions
of x together with the experimental ZEUS data point [3]. One can see that, typically,
they reduce the Q
2





A preasymptotic eect may come from higher order corrections to the 1=Q
6
factor,















































as shown by the dotted lines in Fig. 7. One can see from the gure that in the ZEUS
range the n
eff
we nd is consistent with the experimental number of ZEUS.
VI. RESTORATION OF FLAVOR SYMMETRY
Longitudinal vector meson production is dominated by small interquark distances in
the vector meson wave function. Therefore, the factorization/decoupling theorem can
be used to calculate the cross section for hard diractive processes in QCD without any





, all dependence on the quark masses and thus on
avor is contained in the light-cone wave functions of the vector mesons and not in the
scattering amplitudes. This prediction is non-trivial, since experimentally the coherent
photoproduction of mesons containing strange or charm quarks is strongly suppressed as
compared to the SU(4) prediction for the ratio of the production cross sections for various
vector mesons, which is

o
: ! :  : J=	 = 9 : 1 : 2 : 8 : (30)
Experimentally, this suppression factor is  4 for -mesons and  25 for the J=	. Thus




ratios at large Q
2
[6]. We
expect that for the =-ratio, the pQCD limit would be reached rather early, while the
restoration of SU(4) in J=	-meson production would require extremly high Q
2
. This will
be claried further in the next section.
Moreover, the experience of constituent quark models suggests an additional enhance-
ment of heavy avor production, since for the heavy quarkonium states the probability
for a q and q to be close together is larger. In fact, Eq, (5), which was derived from QCD,









































































for mesons built of light quarks seem to be close to the asymptotic value of

V




. This reects the observation of a QCD sum
rule analysis [16] as well as lattice QCD [17] and the instanton liquid model [18], that the
nonperturbative interaction in the vector channel is weak.





and estimates of 
V
[16] for  and  and the
charmonium model for J=	, we observe that Eq. (5) predicts a signicant enhancement
of  and J=	 production,

o
: ! :  : J=	 = 9 : 1 : (2  1:0) : (8  1:5) ; (32)






wave functions of all mesons should converge to a universal asymptotic wave function
with 
V




: ! :  : J=	 = 9 : 1 : (2  1:2) : (8  3:4) : (33)
It is important to investigate these ratios separately for the production of longitudinally
polarized vector mesons, where hard physics dominates, and for transversely polarized
vector mesons, where the interplay between soft and hard physics is most important.
VII. PRODUCTION OF EXCITED VECTOR MESON STATES










. In this limit, it predicts comparable
production of excited and ground states. There are no estimates of 
V
; so following the






are close to the















!(1600) : !  1:0
(1680) :   0:6
	
0
: J=	  0:5 : (34)
In view of substantial uncertainties in the experimental widths of most of the excited
states as well as in the values of 
V
0
, these numbers can be considered as good to about





Note that the essential transverse momenta in the qq wave function of the excited
states are likely to be signicantly larger than in the ground state. This is dictated by











This condition is not very restrictive for the ground states, since the eective quark mass,
m, which enters in this relation is the constituent quark mass on a low-energy scale,
m  0:3 0:4 GeV for u and d quarks. However, for excited states this relation indicates








=2. Hence, we made a model estimate for the Q
2
dependence


































. The corresponding results for the Q
2
dependence of the ratio (1700) :  are
displayed in Fig. 8 as a solid line. We also present in the gure the ratios for 	
0
:J=	 and
J=	: production, normalized to their asymptotic values at Q
2
!1.
Larger average momenta in the excited mesons' wave functions imply that the impor-
tant distances (virtualities) in the gluon density essential for a given Q
2
are larger for the
excited mesons. This should manifested itself also in the increase of the ratios V
0
:V with
decreasing x, since the parton distributions depend on hk
2
t






To summarize, a substantial production of excited resonance states is expected at
large Q
2
at HERA. A measurement of these reactions may help to better understand the
dynamics of the diractive production of vector mesons as well as the light-cone minimal
Fock state wave functions of the excited states. It may provide the rst three dimensional
images of these states, and it would also allow to look for the second missing excited 
state, which is likely to have a mass of about 1900 MeV to follow the pattern of the , !
and J=	 families.
The relative yield of the excited states produced by virtual photons is expected to
be higher than that for real photons since the Vector Dominance Model (VDM) together
with Eq. (5) leads to
( +N ! V +N)




































































In the last step, we used the empirical observation that for the eective cross sections of
V
0














Note that these eective cross sections have no direct relation to the genuine interaction
cross sections. For example, based on geometrical scaling, one expects the interaction cross














 4. However, if one applies the VDM to the extraction of cross sections from
photoproduction of J=	 and 	
0







. This trend seems to reect
eects of color screening in the production of heavy quarkonium states [20,21]. Note, also, that
photoproduction data do not resolve the (1430) and (1700). In the case of 
0
photoproduction










N)  0:4 (N). The observed pattern indicates that the production of 
0
is




are close to their asymptotic values for light mesons while for heavy quark systems
the values of 
0
V
should be closer to the static limit of 
V
= 2.
Equation (5) is applicable also to vector meson production in weak processes. Consider,
for example, the diractive production of a D

s
= (cs) meson in W

N scattering. To
calculate this cross section, it is sucient to substitute in Eq. (5) the electromagnetic




is the Cabibbo angle.







 22:5 GeV) can be described as the production and decay of several vector
meson resonances. Within this approximation, we can generalize Eq. (5) to the case of
diractive electroproduction of hadron states in the continuum. To deduce the relevant
formulae, we assume that for excited vector meson resonances 
V
is close to its asymptoic
value, 
V
= 3. This assumption really follows from the application of the dispersion sum



























































In is worth emphasizing that in the case of diraction to high enough masses, where
the intermediate 

state can be approximated by a free qq pair, the contribution of
large transverse distances is not suppressed and the cross section gets both soft and hard
contributions. Consequently, in the intermediate M
2
h
range, where resonances are still
present but the continuum is already essential, one should expect a faster increase with
energy (at xed Q
2
) of the resonance contribution.
To summarize, the investigation of exclusive diractive processes appears to be the
most eective method to measure the minimal Fock state qq component of the wave
functions of vector mesons as well as the light-cone wave functions of any small mass
hadron system having angular momentum One. It seems that cross sections of these
probability of these transitions is suppressed since the transition 

! V emphasizes the role of
small congurations.
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processes are rather sensitive to the three dimensional distribution of color within the
wave functions of vector mesons. This observation could be very helpful in expanding
methods of lattice QCD into the domain of high energy processes.
VIII. CAN THE -MESON CROSS SECTION INCREASE FOREVER






originates from the energy dependence of the qqT cross section, see Eq. (7). But
the value of this cross section is restricted by a unitarity limit. As we will explain below,
this unitarity limit can be easily deduced for processes dominated by hard physics. We
consider here the scattering of a small object, a qq pair, from a large object, a nucleon.
If only hard physics were relevant for the increase of the parton distributions at small
x, the radius of the qq-nucleon interaction should be practically independent on energy
because Gribov diusion in the impact parameter space would be determined in this case
by the scale characteristic for hard processes. Thus the geometrical restriction is that the
inelastic cross section cannot exceed the geometrical size of the nucleon. An equivalent
but practically more convenient formulation of this important property of hard processes
is that the slope of the dierential cross section should not increase with energy. Just this
property of hard processes gives the possibility to deduce a unitarity limit for the cross
sections of hard processes.
A formal method to deduce the unitarity restriction is to consider scattering of heavy
quarkonium Q

Q states from a hadron target, and to vary the mass of the heavy quark.
Since the result of such a derivation is evident, in this paper we use an equivalent but
shorter way to deduce this inequality: We establish the unitarity limit by applying the
optical theorem to calculate the elastic cross section for scattering of a small-transverse-






























For simplicity, we parametrize the dependence of the dierential cross section on the
momentum transfer t at small t (which dominate the cross section) in the form of an
exponent. To visualize the unitarity limit, it is convenient to express the experimental
value of the slope of the t dependence of the cross section through the average quadratic









= 0:8 fm. This value is universal
for all existing data on hard diractive production of vector mesons. Note that the ob-
served t dependence of hard diractive processes is close to that given by the square of


























The necessary condition for the applicability of the decomposition of the deep inelastic
cross section over powers of Q
2
is that the leading twist contribution should exceed non-




. So the boundary for




















This boundary is saturated if scattering is black.
































Eq. (42) allows us to estimate down to what x  x
unit:lim:














) based on Eq. (42)
for several current gluon parametrizations are presented in Fig. 9. The unitarity limit
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manifests itself even stronger for -meson production since the average b(Q) are larger in
this case (see dashed and dotted curves in Fig. 9). Actually, it is likely that the slow
down starts earlier, in particular due to dispersion in b. However, a detailed analysis of
this eect is beyond the scope of this work.
The advantage of the approach used in this paper as compared to previous attempts
(for a review and references see Refs. [22,23]) is that we deduce the QCD formulae for the
cross section for scattering of a qq pair o a hadron target. For this cross section, the geo-
metrical limit (including numerical coecients) unambiguously follows from the unitarity
of the S-matrix, that is from the geometry of the collision. As a result, we obtain a more
stringent inequality which contains no free parameters. Recently, a quantitative estimate
of the saturation limit was obtained [24] by considering the GLR model [25,26] of nonlin-
ear eects in the parton evolution and requiring that the nonlinear term should be smaller
than the linear term. The constraint obtained in this paper is numerically much less re-
strictive than our result. However, the parameter characterizing the scale of corrections




reason for this dierence is that the GLR model neglects important contributions due to
elastic scattering of the qq pair.
We want to point out that the almost black disc limit, which we really discussed above,
implies a restriction on the limiting behavior of the cross sections for hard processes, but
it should not be used to calculate them. In reality, the increase of the cross sections of
hard processes should slow down already at larger x than those given by the unitarity
constraint. This is because in the derivation of the constraint we ignore, amongst others,
eects related to the dispersion of b and other hard diractive processes which fastly
increase at x ! 0. The dynamical mechanism responsible for the slowing down of the
increase of parton distributions so that they satisfy Eqs. (41) and (45) is subject of
discussions. In particular, the triple Pomeron mechanism for shadowing suggested in
Ref. [25] does not lead to large eects at HERA energies, especially if one assumes a
homogeneous transverse density of gluons [23,27].
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IX. S-MATRIX UNITARITY CONSTRAINT FOR THE SCATTERING OFF
HEAVY NUCLEI
The application of similar consideration to the scattering o nuclei leads to a more

















is determined from the x de-
pendence of the gluon density and should be universal within a considered approximation.




















































A more accurate estimate of the unitarity constraint could be obtained by using the
discussed inequality for each b and then average over b but not taking the value in the
mean point.
In the above, to quantify the unitarity bounds for 
L
and vector meson production, we
neglected the dispersion over b in the corresponding amplitudes. But in practice we need
the amplitude in q-space, which is the Fourier transform of the cross section which we
discussed above with weights given by the wave functions of the photon or vector meson,
respectively. For a more accurate estimate, we need to apply the unitarity bound for xed




Let us restrict our analysis here to the case of heavy nuclei as targets, where these
eects become important at signicantly larger x than for a nucleon target, and where
uncertainties in the estimate of the region of applicability of the evolution equation are
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comparatively small. In fact, we will focus our analysis on the region which would be





kinematics, the gluon distribution in the nucleon is already known reasonably well from
the recent HERA experiments.
A conservative estimate of the unitarity limit for the amplitudes in q-space is to allow

qqA
(x; b) to reach the unitarity bound, and if 
qqA
(x; b)  R
2
A




Since in the discussed kinematics, the unitarity corrections to 
qqN
are still small, the
ratio of cross sections calculated with and without this unitarity correction characterizes
the eective gluon shadowing for 
L
and vector meson production. In the case of -











i in the range 300600 MeV/c practically does










































are presented in Figs. 10 and 11 for A = 40 and A = 238 and for
Q
2
= 5; 10; 20 and 40 GeV
2
as dashed curves. For the sake of an easier comparison of the







and the ordinates of the gures for dierent A are scaled / A
 1=3
. Clearly this estimate
is an upper bound for these ratios since it neglects absorbtive eects for the case when
the interaction is not black.
To estimate nuclear shadowing within a dynamical model, we also consider the b-space
eikonal approximation for the calculation of the same quantities. We rst calculate the













and then evaluate the cross section of the qqA interaction for a given impact parameter



















































































































B) = A. We use Eqs. (47) and (48) to estimate the nuclear shadow-
ing for 
L
and for -meson production employing a realistic nuclear density distribution,
(r)  1=(1 + exp[(r   R)=a]), where R = 1:1A
1=3
fm and a = 0:56 fm. Corresponding
results are presented in Figs. 10 and 11 as solid lines. One can see from the gures that











). This is again due to the larger hbi
for -meson production { see the discussion in section III.
The nuclear shadowing which we deduce from the unitarity limit and from the eikonal
model is signicantly smaller than the black limit. To demonstrate that this is partly due
to the diuse edge of the nucleus, we also performed calculations within the eikonal model
employing a nuclear density distribution where the nucleus has an abrupt edge. In this
case, the eects of nuclear shadowing are considerably larger { especially for A = 40 { as
can be seen from the dotted lines in Figs. 10 and 11. A practical conclusion from this
discussion is that nuclear shadowing of parton distributions should be considerably larger
for central AA collisions where the eects of the nuclear surface should be insignicant.
It is worth emphasizing that even this estimate is still likely to underestimate shad-
owing since it does not explicitly include gluon shadowing in the leading twist. Still,
our estimate corresponds to signicantly larger gluon shadowing than that obtained in a




shadowing in the gluon
channel and for F
2A
are approximately the same [28{31]. Note that qualitative arguments
in favor of larger shadowing in the gluon channel were presented in Ref. [32].
In principle, shadowing eects in the kinematics beyond the region of applicability
of the evolution equation may change the dependence of the dierential cross section
on t, the momentum transferred to the nucleus. In the approximation of a Gaussian
parametrization of the nucleon distribution in nuclei, the eikonal approximation leads to
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the famous pattern with minima and maxima. It is not clear whether this pattern is
applicable for a realistic nucleon distribution in nuclei. Another well known feature of
the eikonal approximation, which is specic for potentials fastly increasing with energy,
is the shrinking of the diractive peak with energy. Since, within this model, both soft
and hard physics are important, the radius of a nucleon may increase with energy, and for
this regime the unitarity restriction could be exceeded and the cross section may increase
with x, but more slowly as a power of ln x. For a nuclear target, such eects are expected
to be insignicant, although for a nucleon target they may be large.
To summarize, this analysis demonstrates that large shadowing eects should be
present at small x in the gluon channel. This has a number of implications for high-
energy nucleus-nucleus collisions, where the predictions for hadron production strongly
depend on gluon shadowing, see for example Ref. [33].
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